T he span limit of precast, pretensioned 1-beam bridges is often controlled by handling and shipping limitations. ' In many regions of the United States, the maximum span and weight ranges are 120 to 150 ft (36 to 46 m) and 60 to 90 tons (54 to 82 t) , respectively. Post-tensioning is an efficient method of field splicing of precast concrete 1-beam segments to reach spans up to 300 ft (90 m). This can improve bridge economy by providing a structural concrete alternative to span levels that have been in the exclusive domain of structural steel plate girders.
Despite the enormous potential of post-tensioning in increasing the span length of 1-beam bridges, several issues need to be resolved before posttensioning can be implemented more widely. One of these issues is the lack of guidelines for the design and detailing of the post-tensioning anchorage zones.
The 15th Edition of the AASHTO Standard Specifications 2 required that the width of the anchorage zone be as wide as the narrower flanges of the 1-beam and as long as three-quarters of the member depth. However, in the current 16th Edition of the AASHTO Standard Specifications 3 and 2nd Edition of the AASHTO LRFD Specifications,4 the size of the anchorage zone dimensions is not specified. Instead, a somewhat vague statement is given: " ... the transverse dimensions (of the anchorage zone) may be taken as the depth and width of the section." This gives the designer little guidance in determining the minimum required anchorage zone dimensions.
This Jack of guidance has led designers to over-size the anchorage zone. It should be emphasized that larger concrete dimensions in the anchorage zone do not necessarily produce smaller stresses. They should not be viewed as structurally more conservative. In this paper, the proposed anchorage zone dimensions are compared to the more specific dimensions given in the 15th Edition of the AASHTO Standard Specifications.
Anchorage zones that are unnecessarily bulky and over-reinforced are uneconomical. More importantly, they may cause the precast, prestressed member to be too heavy to transport, thus defeating one of the primary purposes of beam splicing by post-tensioning. The authors have had experience with recently designed bridges where the anchorage zone weight alone was as much as 10 tons (9 t). When weight is critical, it can be a determining factor in the feasibility of the precast concrete alternate.
In the early stages of this investigation,5 the finite element analysis indicated that increasing the concrete dimensions at the post-tensioning
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anchorage locations was not a structural design requirement. In other words , if the post-tensioning anchorage hardware were small enough to be fully housed in the web and flanges of the member, the reinforcement could be designed to satisfy the structural requirements.
The reality is that there is no special anchorage hardware and tensioning equipment on the market today that can fit in the 6.9 in. (175 mm) web of an !-beam. Therefore, it was decided to develop an anchorage zone with the smallest possible size that could allow housing of commercially available anchorage hardware.
The most critical stresses in the anchorage zones occur at the time of tendon jacking. Optimizing and standardizing the post-tensioning anchorage zone was based on this condition. Beyond the time of post-tensioning, concrete continues to gain strength and prestress continues to decrease. The study was limited to !-beams with up to three tendons consisting of 15 -0.6 in. (15 mm) strands per tendon . This is a relatively large level of post-tensioning and is not expected to be exceeded in most practical applications. Based on the analysis and experimental work, standard concrete dimensions and welded wire reinforcement details are presented in this paper. A detailed example is included in Appendix B to illustrate the design of the anchorage zone using the strutand-tie model. The method can be used in applications that are not consistent with the assumptions used to develop the standard details.
FLOW OF FORCES IN ANCHORAGE ZONE
The analysis and design of the anchorage zone in post-tensioned members have been studied since the early days of the prestressed concrete industry. In the 1950s and 1960s, extensive research was performed on anchorage zones using a theory of elasticity analysis and small-scale anchor zone tests. 6 · 7 Later, Gergely and Sozen presented a method of analysis dealing with the effect of transverse reinforcement based on the equilibrium conditions of the cracked anchorage zone.'
These studies gave a basic understanding of the flow of forces in simple anchorage zone configurations. However, engineers have had difficulty in extrapolating these results to more complicated anchorage zone configurations . Therefore, the National Cooperative Highway Research Program (NCHRP) initiated a research project in which one of the main research results from that study was the division of the anchorage zone into a local zone and a general zone. 9 It was I' "
Bursting stress diagram also concluded from that study that the design of the general zone can be based on a strut-and-tie model. The strut-and-tie model is a general term used to represent the truss model , which was introduced by Ritter in 1899. 10 The model has been used as a conceptual tool in the design of reinforced concrete structures for the last 100 years. Over the years, the model has been modified by several investigators. ''·'• It has been well understood that cracked reinforced concrete carries load mainly by developing a truss system represented by compressive stresses in the concrete and tensile stresses in the reinforcement. Furthermore, upon the occurrence of significant cracking, the originally curved principal stress trajectories in concrete tend toward straight lines. It is then appropriate to regard the resulting compressive forces as being carried by straight compressive struts. Therefore, the strut-and-tie model is capable of representing such stress flows after the concrete has cracked, and hence indicates a plausible force path for the concentrated post-tensioning force to flow from the anchorage hardware into the member. Fig. 1 shows a simple strut-and-tie model that represents the force flow in a simple anchorage zone. In the figure, the truss member "AB" represents the 58 compressive strut in the local zone and member "CD" represents the tension tie to resist the bursting force in the general zone. By using the simple strut-and-tie model , considerable insight into the flow of forces in the anchorage zones can be gained. However, the following points need to be emphasized when applying this model to the design of the anchorage zones:
First, it is apparent that if the location of the tension tie member is changed, the bursting force in the tie will be changed. Therefore, one of the keys in using the strut-and-tie model is to locate the tension tie member. Studies6·9 have shown that a reasonable location of the tension tie is about half of the member height away from the anchorage face for simple rectangular anchorage configurations.
For complex I-beams with flanges , however, a greater degree of dispersion is required because a large percentage of the compressive force must find its way into the top and bottom flanges . It is considered conservative to take the bursting distance as half of the member height minus the eccentricity of the tendon group for this type of anchorage zone.
Secondly , the complicated local zone behavior, such as the compressive stress check of member "AB" in Fig. 1 , can be separated from the general zone. In general, there are only a limited number of practical configurations of the local zone. Their behavior and design can be handled by a standard acceptance test procedure. 9 In design practice, an engineer who uses an anchorage device type that has passed the acceptance test does not need to check the bearing capacity, node compression capacity, and the node-strut interface capacity in the local zone. This separation makes it acceptable to apply the strut-and-tie model only to the design of the general zone.
Finally, the strut-and-tie model is an equilibrium-based model. It does not accurately model the forces that are needed to satisfy compatibility conditions. Thus, although the strut-and-tie method does not give a unique solution, its use generally produces conservative results. A detailed numerical example is given in Appendix B to demonstrate the design of the anchorage zone using the strut-and-tie model.
OPTIMIZING THE ANCHORAGE ZONE
During the early stages of this investigation, the study focused on the possibility of completely eliminating the increase of the web width at the posttensioning anchorage locations. Based on a finite element analysis and simple rectangular anchorage zone testing, it was concluded that increasing the con- crete dimensions at the post-tensioning anchorage locations was not a structural design requirement 5 The problem, however, is that there is no special anchorage hardware in the market today that can fit in a 6.9 in. (175 mm) web of an 1-beam. Also the production of new anchorage hardware, which can fit in the thin web, will require producing special jacking equipment to be used with it This will add an initial cost to the system that might make it an unfavorable alternative. Therefore, it was considered a better alternative to develop an anchorage zone with the smallest possible size that would allow housing of commercially available anchorage hardware.
Detail 1 -Optimized Rectangular Anchorage Zone
In developing the Detail 1 anchorage zone, optimization was focused on minimizing the weight of the anchorage zone. Therefore, the minimum dimensions that can enclo se all the available anchorage hardware in the market pi us a reasonable concrete cover were chosen. The height of the anchorage zone can vary with the height of the NU 1-beam. As an example, the Detail 1 anchorage zone for the NU 2000 1-beam weighs about 2 tons (1.8 t). If this anchorage zone was designed according to the 15th Edition of the AASHTO Specifications/ it would weigh about 10 tons (9 t). By comparison, the proposed Detail 1 anchorage zone can reduce the weight of the conventional anchorage zone by as much as 80 percent
With the chose n co ncrete dimensions of the Detail 1 anchorage zone, reinforcement for the general zone under the three concentrated post-tensioning forces was designed using the strut-and-tie model. The web of the 1-beam provides for the vertical distribution of the three concentrated jacking forces. The factored app lied jacking forces were divided into four concentrated forces in the model with two forces flowing into flanges and two into the web, as shown in Fig. 3 .
These four forces at the jacking end balance the resulting elastic force re-+ sultants at the other end (boundary section) of the anchorage zone. It should be noted that the stress distribution at the boundary section follows the conventional beam theory.
The length of the general zone was taken as one times the depth of the loaded beam, i.e., 3.6 ft (1100 mm). The eccentricity of the three tendons was found to be 2 in. (50 mm). Therefore, the location of the bursting tension tie was chosen as half of the beam depth minus the eccentricity, i.e., 19.7 in. (500 mm) away from the jacking end.
From Fig. 3 , the maximum bursting force was calculated to be equal to 401 kips (1784 kN) from Node A and 400.9 kips (1782 kN) from Node B. The required area of reinforcement for the bursting force had been calculated as 6.68 sq in. ( 4312 mm 2 ). This reinforcement was then distributed over a length of approximately 3.6 ft (1100 mm). The actual reinforcement provided in the anchorage zone was 0. 
Detail 2 -Optimized Tapered Anchorage Zone
During the optimization process of the Detail 2 anchorage zone, several other factors were considered besides the minimum weight requirement. First, the tapered part of the Detail 1 anchorage zone was extended to the end of the beam to allow for more space for the concrete consolidation in this area. Fig. 6 shows the comparison between the Detail 2 anchorage zone and Detail 1 anchorage zone.
The slope of the tapered anchorage zone was calculated based on the following conditions: (1) the width at the section 19.7 in. (500 mm) away from the jacking end was at least 17.7 in. (450 mm) to accommodate the available anchorage hardware; and (2) the chosen slope would result in minimum weight of the anchorage zone. Once the concrete dimensions of the Detail 2 anchorage zone were chosen, reinforcement was designed based on the strut-and-tie model similar to the design of the Detail 1 anchorage zone. However, the decision was made to change the threaded rod details to a pre- 
INTEGRAL VS. SEPARATE ANCHORAGE ZONE
In applying the post-te ns ioning splicing technique, producers might be concerned about the poss ible modification of available standard prismatic steel forms. One of the objectives of this testing program was to explore how to minimize modifying the current constant section steel forms. Considering the fac t that the current prism ati c steel fo rm s have a stand ard length of about 40 ft (12 m), there are two poss ible alternatives to produce post-tensioned concrete I-beams.
The first alternative is to cast both anchorage zones simultaneously with a prismatic 1-beam piece. In this case, producers need not only to add steel forms for anchorage zones, but also to cut the standard 40ft (12m) long prismatic fo rm to fit the designed length of the precast beams.
The other alternative is to cast one anchorage zone with the pri smatic beam component. In this second alternative, producers only need to add a small stee l form for the anchorage zone to the avail able standard prismatic steel forms. The other anchorage zone can be cast separately or using a longer beam segment with an anchorage seg ment cast integrally with it. The se parately -cast precast components can th en be po st-tensioned together by match-casting or by a wet joint.
FULL-SCALE TEST
In contrast to the conventional laboratory testing in which specimens are loaded proportionally until failure, the full-scale experimental program 15 in this research project was designed to simulate the field post-tensioning process. Before the full-scale specimens were produced , anchorage hardware available in the market was installed in the specimens. The post-tensioning technicians from that particular hardware supplier were invited to do the actual post-tensioning work.
The main objectives of the program were to study the behavior of the proposed anchorage zones under factored post-tensioning forces, to verify the adequacy of the design based on the strut-and-tie model and the overall performance of the local zone as well as the general zone, and to investigate casting the anchorage zone separately from the prismatic beam.
First Test Series
The first series of tests consists of two Detail 1 specimens (B l and B2). Each specimen is 20 ft (6.1 m) long with two Detail 1 anchorage zones at the ends. Of the 20 ft (6.1 m) long specimen, each anchorage zone is 2.6 ft (0.8 m) in length and the remainder is 14.8 ft (4.5 m) long standard pri smatic NUIIOO 1-beam segment. The anchorage hardware was provided by Dywidag Systems International.
The special steel form to produce the Detail 1 anchorage zone shape 62 was first ordered. This form has the same length as the anchorage zone, i.e., 2.6 ft (0.8 m) . Then , it was attached to the standard NUll 00 prismatic steel form to make one end of the anchorage zone plus the 14.8 ft (4.5 m) prismatic 1-beam segment. Finally , the other end of the 2.6 ft (0.8 m) anchorage zone was match-cast, as shown in Fig. 9 .
Once the two pieces of the same specimen were ready to receive the post-tensioning force , the match-cast faces were lubricated with epoxy to A specified concrete strength of 6000 psi (41.4 MPa) at the stage of post-tensioning and a 28-day strength of 8000 psi (55 .2 MPa) were chosen for design calculations. The actual cylinder strength at the time of the post-tensioning , which was applied about two months after the specimens were produced, was 9600 psi (66.2 MPa) for Specimen B 1 and 10,500 psi (72.4 MPa) for Specimen B2, respectively.
The reinforcement of the web, top flange and bottom flange in the center of the predicted bursting zone was instrumented to evaluate the behavior of the design model.
During the post-tensioning process, the actual post-tensioning sequence in the field was followed:
Step 1 -The middle tendon of the three designed tendons was post-tensioned to 0.85Aps/pu = 946.2 kip s (4205 kN). This was equivalent to (0.85/0.81) (1.27) = 1.33 times the designed post-tensioning force level. Then, the possible concrete cracking in the anchorage zone was observed and marked. Fig. 10 shows the middle tendon during post-tensioning. No cracking was found.
Step 2 -The bottom tendon was post-tensioned to the same force level as the middle tendon. tensioned after the deck was cast, was post-tensioned to the same force level. To keep the testing simple, the last tendon was post-tensioned on the noncomposite specimen. This procedure was believed to be on the safe side, as compared to the procedure in which the third tendon was post-tensioned after the deck was cast.
According to this testing procedure, the non-composite specimen had actually received 1.33 times the designed maximum jacking force. This was believed to be s imilar to ultimate Fig. 11 . No signs of other distress were noticed . According to the s train gauge readings after the three tendons had been post-tensioned, all the reinforcement stress in the predicted bursting zone reached about the yield stress level. The performance of the specimens was believed to be satisfactory.
Second Test Series
The second series consists of two Detail 2 anchorage zone specimens (B3 and B4). Each specimen is again about 20 ft (6.1 m) long with two optimized tapered anchorage zones at the ends . The anchorage hardware was provided by CCS Special Structures.
The special stee l form of 3 .3 ft (1.0 m) in length to produce the Detail 2 anchorage zone shape was ordered. Fig. 12 shows the form and its attachment to the standard NUllOO prismatic steel form to make half of the 20 ft (6.1 m) long specimen. Once the other half was produced , the two pieces were connected together by a wet joint about 4 in. (102 mm) long at the middle of the specimen instead of the match-cast joint in the Detail 1 anchorage zone.
Thi s change was made based on the fact that some producers may prefer the wet joint option. To make the wet
Step 3 -The last top tendon close to the centroid of the composite section , which was designed to be post- joint, the following procedure was used:
1. Prepare a rough joint surface. In the testing program, the "panel pad" (see Fig. 13A ) was attached to the steel end plate to make the rough surface. Fig. 13B shows the roughened joint surface using the "panel pad."
2. Align two pieces of the same beam together. Care has to be taken to make the two pieces straight. The gap between the two pieces is recommended to be about 4.0 in. (102 mm).
3. Use a non-shrink high performance grout to pour the wet joint. The "Sure-Grip High Performance Grout" from the market was used in the testing program. A mechanical mixer with rotating blades was used. Up to 45 percent of washed pea gravel in a maximum size of 3 /s in . (9.5 mm) was added to the grout mix. Testing has shown that this procedure works well.
For the transverse bursting force, tapered welded bar cages were used and produced by welding the bars to flat plates (see Fig. 14A ). Two such cages were used in the anchorage zone, as shown in Fig. 14B .
To account for the load factor of 1.2 in the actual post-tensioning stage, the tendon with 19 -0 .6 in. (15 mm) low-relaxation strands was again used, as in the first series.
A specified concrete strength of 6000 psi (41.
As in the first test series, the actual post-tensioning sequence in the field was followed . However, the following changes were made as compared to the first series:
1. The tendon was only post-tensioned to 0.81APJP" = 901.7 kips (4010 kN). This is equivalent to 1.27 times the designed post-tensioning force level, which is smaller than the load level used in the first series but still larger than the ultimate load factor specified in the AASHTO LRFD Specifications. 4 2. After the middle tendon, the top tendon was post-tensioned before the bottom tendon. This sequence was different from the first test series.
Not even minor cracks were found after the middle tendon was tensioned to the maximum load level in this test series. After the top tendon was posttensioned to the load level, small minor cracks were found and no further cracking was found at the posttensioning of the third tendon . As shown in Fig. 15 , the minor cracks were limited within a much smaller range than the crack found in the first test series. No signs of other distress were observed.
It should be emphasized that minor cracking in the anchorage zone is quite normal and to be expected.' 6 It has nothing to do with the onset of anchorage zone failure. In adequately reinforced tendon anchorage zones, such cracking is not necessarily critical, and there often is significant strength beyond the first appearance of cracks.
According to the strain gauge readings, after the three tendons were posttensioned, the maximum reinforcement stress in the predicted bursting zone had reached about 35 ksi (241.3 MPa), which is smaller than the stress level in the first test series. Based on the test results of this test series, the concrete dimensions of the Detail 2 anchorage zone, the reinforcing details used, the wet joint detail, and the local zone performance all proved to be adequate.
STANDARD AN CHORAGE ZONE DETAILS
Based on the full-scale NU1100 specimen test results, the two optimized anchorage zones have been proven to perform well. It is important to point out that the test results were based on specimens with a limited height of 43 .3 in. (1100 mm). It is impractical to test all the specimens with different sizes . However, the tests on the NU 1100 specimens have shown that the strutand-tie model can give a good prediction on the bursting reinforcement requirement. Therefore, it was used as a design tool for the other I-beam sizes.
Although both Detail 1 and Detail 2 performed well in the full-scale tests , the optimized Detail 2 anchorage zone design was chosen as the standard concrete dimensions based on the following:
1. Minor cracks were limited to a smaller range in Detail 2 than in Detail 1 during the full-scale tests .
2. It is easier to consolidate the concrete near the anchorage hardware in Detail 2 than in Detail 1.
3. The smooth transition shape of Detail 2 makes the placement of transverse bursting reinforcement more convenient.
4. Detail 2 is slightly more aesthetically pleasing than Detail 1.
In the design, attention was focused on adopting standard anchorage details for different I-beam sections varying from NU1100 to NU2000. To this end, three 15 -0.6 in. (15 mm) diameter low-relaxation strand tendons were chosen for all the sections. The different force flow at the anchorage zone due to the changing of the section height was adjusted by extending the vertical bursting reinforcement. Table 1 summarizes the bursting reinforcement required in the anchorage zone for different NU I-beam sections. Based on the strut-and-tie model design, the following conclusions can be made:
1. The standard tapered anchorage zone (Detail 2) with the same concrete dimensions can be used for all the !-beam sections, as shown in Fig. 16 .
2. As shown in Fig. 17 , the same reinforcement details in the top flange, web, and bottom flange with the exception of the vertical web reinforcement can be used for all sizes of !-beams.
3. In the vertical direction, the reinforcement size, D18, and spacing of 2 in. (50 mm) can be used for all beam sizes in the NU 1-beam series, which ranges from 43.3 to 78.7 in. (1100 to 2000 mm) deep . However, the extent of this reinforcement size and spacing into the beam depends on the beam depth, as shown in Table 1 .
IMPACT OF SHEAR
One important issue may be that the anchorage zone might need more reinforcement to resist the high shear force at the member ends. Considering the possible reinforcement congestion in this zone, it is very important to investigate the impact the high shear force would have on this region . Because the NU2000 1-beam section has the longest anchorage zone, the impact of shear was studied for this section using the following two examples. 
.. ./
1:1:
Welded Bar Cage (WBC) (see Fig. 7 ) WWFI is sufficient to resist the bursting force due to post-tensioning as well as the shear force at ultimate. Based on the two examples discussed, it is concluded that the reinforcement provided at the anchorage zone is enough to resist the bursting 68 force due to post-tensioning in combination with vertical shear. CONCLUSIONS 1. Although it would be theoretically possible to eliminate the change in concrete dimensions at the anchorage zone and to use a constant I-beam cross section, there is no anchorage hardware on the market today that would fit into a 7 to 8 in. ( 178 to 203 mm) web of anI-beam.
2. For the currently available posttensioning hardware systems, an optimized tapered anchorage zone detail was developed. Based on the full-scale specimen testing, it was found to perform well for a maximum of three tendons, each consisting of 15 -0.6 in. (15 mm) diameter low-relaxation strands. The optimized tapered anchorage zone dimensions are applicable for all currently existing I-beam shapes and sizes.
3. All reinforcement details in the top flange, web, and bottom flange with the exception of the vertical web reinforcement can be used for all sizes of I-beams. In the vertical direction, the reinforcement size, Dl8, and spacing of 2 in. (50 mm) can be used for all beam sizes in the NU I-beam series, which ranges from 43 .3 to 78.7 in. (1100 to 2000 mm) deep. However, the distance over which this reinforcement is used in the beam ends depends on the beam depth, as illustrated in this paper.
4. Reinforcement in the anchorage zone was designed to satisfy both post-tensioning and vertical shear requirements. 
Design of the
anchorage zone based on the strut-and-tie model is conservative. It gave reasonable reinforcement quantities for the I-beams considered in this study.
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APPENDIX B -DESIGN OF POST-TENSIONED ANCHORAGE ZONE
Design of the post-ten sioned anchorage zone based on the AASHTO LRFD Specifications• by the strutand-tie model is illustrated using the following example. The example is for a two-span continuous bridge con- In this example, the anchorage zone will be designed to resist three posttensioning tendons of 15 -0.6 in. ( 15 mm) strands. The effect of the pretensioning strand s is ignored . Fig. B 1 shows the beam details near the anc horage zo ne . All post-ten sioning forces are assumed to be applied to the non-compo site precast beam s. The According to AASHTO LRFD Article 3.4.3, the design force for post-tensioning anchorage zones is taken as 1.2 times the maximum jacking force. The resistance factor ¢is taken as 0.80 for compression in anchorage zones and 1.00 for tension in steel in anchorage zones (AASHTO LRFD Article 5.5.4. 2. 1). Hence, the tendon force used in design is P u = 1.2P = 854 kips (3 797 kN) . The uniform dead load from the deck and the beam bearing reaction tend to reduce the bursting force. For this reason, a load factor of 1.0 is used for these loads.
The anchor plate size is taken approximately as the spiral size plus the concrete cover. According to the hardware supplier (DSI), the outside diameter of the spiral is 12.5 in. (318 mm). Since the spiral is round, it is easier to convert the spiral into an equivalent square to compare it with rectangular struts. Therefore, the width of plate can be taken as a = 12.0 in. (305 mm).
Example anchorage zo ne. 
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Determine Extent of General Zone
There are two types of discontinuities in the end region of the beam, which disturb the stress distribution based on the beam theory: (1) loading discontinuities, such as post-tensioning force and reaction force; and (2) geometric discontinuity.
According to AASHTO LRFD Article 5 .10.9.1 , the longitudinal extent of the anchorage zone in the direction of the tendon is to be not less than the greater of the transverse dimensions of the anchorage zone and not more than one and one-half times that dimension.
In this example, the height of the noncomposite beam is 54 in. (1.4 m) . Therefore, the length of the general zone is not to exceed 1.5 x 54 in. (1.5 x 1.4 m) = 81 in. (2.1 m) . However, considering the geometrical discontinuity , the boundary of the general zone will be assumed to be located one web width ahead of the end of the change in web geometry. As a result, the extent of the general zone is taken tom fiber and top fiber stresses at the end of the general zone due to this tendon force are 3. 784 and 2. 602 ksi (26 .1 and 17.9 MPa) respectively. After calculating the stresses due to beam self-weight (w 1 = 0.822 kip/ft or 12.0 kN/m) and deck weight (w 2 = 1.000 kip/ft or 14.6 kN/m) , the total bottom fiber and top fiber stresses at the end of the general zone are 3.004 and 3.525 ksi (20.7 and 24.30 MPa) respectively , as shown in Fig. B2 (a) .
The reaction force at the support near the jacking end is 50.1 kips (222.8 kN) due to beam self-weight. The reaction force due to deck weight on the two-span continuous beams is 45.8 kips (203 .3 kN) . Thus, the total reaction force at the support near the jacking end is R = 95.9 kips (426.1 kN).
Draw Strut-and-Tie Model and Determine Member Forces
Step 1 -Calculate force resultant at end of general zone The stress at the bottom of the equivalent top flange is: The calculated resultant forces are shown in Fig. B2(a) . Once all the resultants and their locations on the boundary of the general zone are determined, the final "destinations" of the post-tensioning force paths are determined. The force resultants in the top flange, web, and bottom flange are balanced by the top tendon, middle tendon, and the bottom tendon, respectively.
If the compressive stress directly under the anchor plate, whose size is the diameter of the spiral plus the cover in this example, is assumed to be uniformly distributed, the three tendon forces can be re-calculated to maintain equilibrium. Resultant shear force could be assigned based on the shear stress distribution , but it is simp ler and sufficiently accurate to assign all of the shear force to the web. That is: Shear force: Step 2 -Select location of local zone node As discussed earlier, the width of the anchor plate a = 12.0 in. (305 mm). The closer to the anchors the local zone nodes are located, the smaller the bursting force. In this example, the local zone nodes are selected at: (a/2) = 6.0 in. (152 mm) ahead of the anchor bearing plates.
Step 3 -Select location of bursting tie For the bursting reinforcement, a uniform arrangement in the general zone is envisioned. To be on the conservative side, however, the calc ul ation will be based on the uniformly distributed reinforcement for a distance of beam height.
Assume the right edge of the bearing plate to the end face of the beam is 9 in. (229 mm). The beam height is 54 in. (1372 mrn). Then, the location of the bursting tie is taken as 9 + (54-9)/2 = 31.5 in. (800 mrn) away from the end face of the beam. The final calculated reinforcement spacing within the range of (54-9) = 45 in. (1143 mrn) will be used for the entire general zone.
Step 4 -Draw strut-and-tie model and calculate member force Based on the above steps, the strutand-tie model can be built as shown in Fig. B2(b) . As shown in Fig. B2(b) , there are eight named nodes (i.e. , A through H) and sixteen members (i.e., 1 through 16) in the strut-and-tie model. The forces in members 1, 4, 5, 8, 10, 13 , and 14 can be observed from the model directly. The other member forces can be calculated from node force equilibrium condition.
IfF; is the force in the ith member, then for example: Note that at Node C, the 15 kips (67 kN) load represents the beam selfweight and deck weight for the general zone. The slope of the Member 3 can also be determined from Node C's force equi librium condition.
Similarly, all member forces can be determined as shown in Table B 1.
From Table B 1, it can be found that all nodes are used to calculate member March-April 1999 forces except Node E. Therefore, this node can be checked to verify the model accuracy. LFx = F6x -F7x = 0 (ok) l_Fy = F 6 y +F 7 y +Fj 6 = 0 Similar steps can be used to draw a strut-and-tie model in the transverse direction. Then the transverse bursting forces can also be calculated.
Check Compression Stresses
Compression stresses may be critical immediately ahead of the anchor plates (bearing pressure), immediately outside the locally confined region (i .e., local zone -general zone interface), and the node compression strut capacity perpendicular to the tendon path. However, the bearing pressure and node compression strut capacity are considered the local zone check. They are guaranteed by the anchorage device supplier through standard acceptance test procedures.
From Fig. B2 , the maximum compression stress at the boundary is S"uppose the slope of the compressive strut is one transverse to three The bearing stress at the local zonegeneral zone interface is, therefore: Table B2 lists the tensile bursting forces in the anchorage zone, the corresponding reinforcement requirements, and the reinforcing bars selected.
Select Bursting Reinforcement
When selecting the reinforcement required, the following data were used: the yield strength = 60 ksi (414 MPa); the strength reduction factor ¢ = 1.0; transverse bursting length = 2(31. f ----- 
